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[Charge pump structure for 
reducing capacitance in loop filter 
of a phase locked loop] 

Background of Invention 

[0001 ] 1 . Field of the Invention 

[0002] The present invention relates to a charge pump of a phase locked loop, and more 
specifically, to an improved charge pump structure allowing for a smaller capacitor to 
be used in a loop filter of the phase locked loop. 

[0003] 2. Description of the Prior Art 

[0004] A phase locked loop is used for frequency control. Please refer to Fig.l . Fig.1 is a 
block diagram of a phase locked loop (PLL) 1 0 according to the prior art. The PLL 10 
contains a phase detector 1 2, which is used for comparing phases of two input signals 
INI and IN2. Based on a phase difference between the two input signals INI and IN2, 
the phase detector 1 2 then outputs either an up signal UP or a down signal DN to a 
charge pump circuit 14. Based on receipt of either the up signal UP or the down signal 
DN, the charge pump circuit 1 4 sends (or receives) a control current to (from) a loop 
filter 16. This control current is used for charging or discharging a capacitor within 
the loop filter 1 6, as will be explained more thoroughly below. Finally, a control 
voltage V y^^^^ 's outputted from the loop filter 16 and fed into a voltage controlled 
oscillator (VCO) 1 8. The VCO 1 8 generates the output frequency IN2 based on the 
control voltage V ^^^^^ that is fed into the VCO 1 8. Together, the phase detector 1 2, 
the charge pump circuit 14, the loop filter 16, and the VCO 1 8 form the PLL 1 0, which 
is a negative feedback loop. 

[0005] Please refer to Fig. 2. Fig. 2 is a diagram illustrating operation of the phase detector 
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12 of the PLL 10 when generating the up signal UP. As stated above, the phase 
detector 12 compares two inputted signals INI and IN2, and outputs either the up 
signal UP or the down signal DN based on the phase difference between INI and IN2. 
In Fig. 2, the INI signal leads the IN2 signal by a phase difference of 6 1. The phase 
detector 1 2 is able to detect this phase difference and then outputs a pulse of the up 
signal UP. A pulse width of the up signal UP is directly proportional to the phase 
difference 9 1 between INI andlN2. This up signal UP is ultimately used to increase 
the frequency of IN2, so that INI and IN2 can become In-phase. 

[0006] Please refer to Fig. 3. Fig. 3 is a diagram illustrating operation of the phase detector 
1 2 of the PLL 1 0 when generating the down signal DN. In Fig. 3, the IN2 signal leads 
the INI signal by a phase difference of B 2. The phase detector 1 2 is able to detect 
this phase difference and then outputs a pulse of the down signal DN. A pulse width 
of the down signal DN is directly proportional to the phase difference 9 2 between INI 
and IN2.This down signal DN is ultimately used to decrease the frequency of IN2, so 
that INI and IN2 can become in-phase. 

[0007] Please refer to Fig. 4. Fig.4 is a circuit diagram of the charge pump circuit 14 and 
the loop filter 16 of the prior art. The charge pump circuit 14 comprises an input 
current source 20, which is connected to node NA of the charge pump circuit 1 4, that 
inputs a current with a magnitude of I, and an output current source 22, which is 
connected to node NB of the charge pump circuit 14, that outputs a current with a 
magnitude of I. The charge pump circuit 14 further comprises an up pulse switch 
swUP connected between node NA and output node VCONA, and a down pulse switch 
swDN connected between node VCONA and node NB. The loop filter 16 comprises a 
resistor R connected between the output node VCONA and an intermediate node 
VCON, and a capacitor C connected between the intermediate node VCON and ground. 

[0008] 

When a pulse of the up signal UP is received from the phase detector 12, the up 
pulse switch swUP is programmed to close for charging the capacitor C. At all other 
times, the up pulse switch swUP remains open. On the other hand, when a pulse of 
down signal DN is received from the phase detector 1 2, the down pulse switch swDN 
is programmed to close for discharging the capacitor C. At all other times, the down 
pulse switch swDN remains open. As shown in Fig.4, both the up pulse switch swUP 
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and the down pulse switch swDN are shown open since neither the up signal UP nor 
the down signal DN are received by the charge pump circuit 14. Therefore, no current 
is able to flow from the charge pump circuit 1 4 to the loop filter 1 6 in order to charge 
or discharge the capacitor C. 

[0009] Please refer to Fig. 5. Fig. 5 is a circuit diagram of the prior art charge pump circuit 
14 and loop filter 16 in a charging mode. In Fig. 5, the charge pump circuit 14 receives 
a pulse of the up signal UP from the phase detector 12. Therefore, the up pulse switch 
swUP is closed and the down pulse switch swDN is open. A dotted line is shown 
illustrating a path of current with the magnitude of I from the input current source 20. 
through the resistor R and through the capacitor C. Since the current I is flowing 
through the capacitor C, the voltage across the terminals of the capacitor C will 
increase, and the capacitor C will be charged according to Eqn.l shown below. 

[0010] ^ (1) 

[001 1] Eqn.l shows that the longer the current I is flowing through the capacitor C, the 

more charged the capacitor C will become, and the larger a voltage V will be. 

VCON 

From Eqn.l , a simple proportionality relationship can be made, which is shown in 
Eqn.2. 

[0012] , c 

[001 3] In Eqn.2, Is a constant. The present invention makes great use of Eqn.2, and the 

significance of this equation will be explained fully below. As mentioned above, the 

voltage V y^^^^ an output voltage that it outputted from the loop filter 1 6 to the 

VCO 1 8 for controlling the VCO 1 8. Eqn.3 below shows the relationship between the 

voltage V ^ and the voltage V 

^ VCONA ^ VCON 

[0014] rr ^m^ir (3) 

[0015] Eqn.3 shows that the voltage V depends on the sum of the current I 

VCONA 


flowing through resistor R and the voltage V y^^^ 


[0016] 


Please refer to Fig. 6. Fig. 6 is a circuit diagram of the prior art charge pump circuit 
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1 4 and loop filter 1 6 in a discharging mode. In Fig. 6, the charge pump circuit 1 4 
receives a pulse of the down signal DN from the phase detector 12. Therefore, the 
down pulse switch swDN is closed and the up pulse switch swUP is open. A dotted line 
is shown illustrating a path of current with the magnitude of I from the capacitor C 
through the resistor R to the output current source 22. Since the current I Is leaving 
the capacitor C, the voltage across the terminals of the capacitor C will decrease, and 
the capacitor C will be discharged according to Eqn.l . 

[001 7] Unfortunately, when fabricating the prior art charge pump circuit 1 4 and loop 

filter 1 6 on an integrated circuit (IC), the area of the capacitor C takes up a very large 
area of the IC. Not only does this increase the cost to manufacture the ICs containing 
the prior art PLL 10, but it also makes it difficult to design and build smaller ICs due 
to the large size of the capacitor C. 

[0018] 

Summary of Invention 

[001 9] It is therefore a primary objective of the claimed invention to provide a charge 

pump circuit for reducing capacitance in a loop filter of a phase locked loop in order 
to solve the above-mentioned problems. 

[0020] 

According to the claimed invention, a charge pump circuit is used for reducing 
capacitance In a loop filter of a phase locked loop. The loop filter contains a resistor 
electrically connected to the charge pump circuit at an output node and a capacitor 
being electrically connected to the resistor at an intermediate node. The charge pump 
circuit contains a first input current source electrically connected to a first node of the 
charge pump circuit for supplying a first current to the charge pump circuit, the first 
current being equal to a predetermined amount of current multiplied by a first factor, 
and a second input current source electrically connected to a second node of the 
charge pump circuit for supplying a second current to the charge pump circuit, the 
second current being equal to the predetermined amount of current multiplied by a 
second factor. The charge pump circuit also includes a first output current source 
electrically connected to a third node of the charge pump circuit for receiving the first 
current from the charge pump circuit, and a second output current source electrically 
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connected to a fourth node of the charge pump circuit for receiving the second 
current from the charge pump circuit. The charge pump circuit further contains a 
plurality of up pulse switches controlled by an up pulse control signal for controlling 
current flow such that in a charging mode of the charge pump circuit, a sum of the 
first current and the second current flows from the first node through the output node 
and through the resistor to the intermediate node, the first current flows from the 
intermediate node to the third node and flows out through the first output current 
source, and the second current flows from the intermediate node through the 
capacitor for charging the capacitor, and a plurality of down pulse switches controlled 
by a down pulse control signal for controlling current flow such that in a discharging 
mode of the charge pump circuit, the first current flows from the first node to the 
intermediate node, the second current flows from the capacitor to the intermediate 
node for discharging the capacitor, and the sum of the first current and the second 
current flows from the intermediate node through the output node, the resistor, and 
the third node before flowing out through the first and second output current sources. 

[0021] It is an advantage of the claimed invention that the charge pump circuit contains 
more than one input current source, more than one output current source, and the 
plurality of up pulse switches and down pulse switches. The addition of these 
common circuit components allows the charge pump to limit the amount of current 
that is used for charging and discharging the capacitor to only the second current 
while still flowing the sum of the first and second currents through the resistor. By 
lowering the amount of current used for charging and discharging the capacitor, the 
capacitor can have a correspondingly smaller size. Therefore, used of the claimed 
invention charge pump circuit reduces overall size of an integrated circuit containing a 


PLL 


[0022] 


These and other objectives of the claimed invention will no doubt become obvious 


to those of ordinary skill in the art after reading the following detailed description of 
the preferred embodiment, which is illustrated in the various figures and drawings. 


Brief Description of Drawings 


[0023] 


Fig.1 is a block diagram of a phase locked loop (PLL) according to the prior art. 
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[0024] Fig. 2 is a diagram illustrating operation of a phase detector of the PLL when 
generating an up signal. 

[0025] Fig. 3 is a diagram illustrating operation of the phase detector of the PLL when 
generating a down signal. 

[0026] Flg.4 is a circuit diagram of a charge pump circuit and a loop filter of the prior art. 

[0027] Fig. 5 is a circuit diagram of the prior art charge pump circuit and loop filter in a 
charging mode. 

[0028] Fig. 6 is a circuit diagram of the prior art charge pump circuit and loop filter In a 
discharging mode. 

[0029] Fig. 7 is a circuit diagram of a charge pump circuit and a loop filter of the present 
Invention. 

[0030] Fig. 8 is a circuit diagram of the present invention charge pump circuit and loop 
filter in a charging mode. 

[0031] Fig. 9 is a circuit diagram of the present invention charge pump circuit and loop 
filter In a discharging mode. 

betailed Description 

[0032] Please refer to Fig. 7. Fig. 7 is a circuit diagram of a charge pump circuit 34 and a 
loop filter 36 of the present invention. The charge pump circuit 34 of the present 
invention substitutes for the charge pump circuit 14 of the prior art, and the loop 
filter 36 substitutes for the loop filter 1 6. The phase detector 1 2 and the VCO 1 8 
shown in Fig.l are used just as they were with the prior art, and for brevity will not be 
explained again. 

[0033] ji^^ i^^p filter 36 is identical to the loop filter 16 of the prior art, except that the 
capacitor C of the prior art loop filter 16 has been renamed as a capacitor C/1 0 of the 
loop filter 36. The new name is used to emphasize that by using the present invention 
charge pump circuit 34, the capacitor C/10 of the loop filter 36 can be made smaller 
than in the prior art. The loop filter 36 contains the resistor R electrically connected to 
the charge pump circuit 34 at the output node VCONA and the capacitor C/10 
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electrically connected to the resistor R at the intermediate node VCON. 

[0034] The charge pump circuit 34 of the present invention contains a first input current 
source 40 electrically connected to a node Nl of the charge pump circuit 34 for 
supplying a current with a magnitude of 91/10 to the charge pump circuit 34. The 
current 91/10 is equal to the current I outputted by the input current source 20 of the 
prior art multiplied by a first factor of 9/10. This factor is used as an example only, 
and any factor between 0 and 1 can be used. The charge pump circuit 34 also 
a second input current source 42 electrically connected to a node N2 of the charge 
pump circuit 34 for supplying a current with a magnitude of 1/1 0 to the charge pump 
circuit 34. The current 1/10 is equal to the current I outputted by the input current 
source 20 of the prior art multiplied by a second factor of 1 / lO. Again, this factor is 
used only as an example. The present invention charge pump circuit 34 is built using 
two input current sources 40 and 42 in a preferred embodiment. Therefore, a sum of 
the first and second factors 9/1 0 and 1 / I 0 is shown adding up to a value of 1 . This 
ensures that such that the sum of the currents 91/1 0 and 1/10 is consistent with the 
current I outputted from the prior art input current source 20. As will be explained in 
greater detail later, a magnitude chosen for the second factor 1/10 determines the 
corresponding capacitance of the capacitor C/1 0 in the loop filter 36. 

[0035] The charge pump circuit 34 also contains a first output current source 44 

electrically connected to a node N3 of the charge pump circuit 34 for receiving the 
current 91/1 0 from the charge pump circuit 34. Similarly, a second output current 
source 46 Is electrically connected to a node N4 of the charge pump circuit 34 for 
receiving the current 1/10 from the charge pump circuit 34. In a preferred 
embodiment of the present invention, the current 91/10 supplied by the first input 
current source 40 should be equal to the current 91/ 1 0 received by the first output 
current source 44 and the current 1/10 supplied by the second input current source 42 
should be equal to the current 1/10 received by the second output current source 46. 

[0036] 

Analogous to the up pulse switch swUP of the prior art charge pump circuit 14, 
the present invention charge pump circuit 34 contains a first up pulse switch swUPl , a 
second up pulse switch 5wUP2, and a third up pulse switch swUP3. The first up pulse 
switch swUPl Is connected between the node N2 and the node Nl , the second up 
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pulse switch swUP2 is connected between the node Nl and the output node VCONA, 
and the third up pulse swUP3 switch is connected between the intermediate node 
VCON and the node N3. Each of the up pulse switches swUPl, swUP2, and swUP3 is 
controlled by the up signal UP that is outputted by the phase detector 1 2. When a 
pulse from the up signal UP is received by the charge pump circuit 34, all of the up 
pulse switches swUPl , swUP2, and swUP3 are closed such that the charge pump 
circuit 34 and the loop filter 36 are in a charging mode and the capacitor C/1 0 is 
charged. At all other times, the up pulse switches swUPl , swUP2, and swUP3 remain 
open. 

[0037] Also, similar to the down pulse switch swDN of the prior art charge pump circuit 
14, the present invention charge pump circuit 34 contains a first down pulse switch 
swDNI , a second down pulse switch swDN2, and a third down pulse switch swDN3. 
The first down pulse switch swDNl is connected between the node Nl and the 
Intermediate node VCON, the second down pulse switch swDN2 is connected between 
the output node VCONA and the node N3, and the third down pulse swDN3 switch is 
connected between the node N3 and the node N4. Each of the down pulse switches 
swDNl , swDN2, and swDN3 is controlled by the down signal DN that is outputted by 
the phase detector 12. When a pulse from the down signal DN is received by the 
charge pump circuit 34, all of the down pulse switches swDNl , swDN2, and swDN3 
are closed such that the charge pump circuit 34 and the loop filter 36 are in a 
discharging mode and the capacitor C/1 0 is discharged. At all other times, the down 
pulse switches swDNl , swDN2, and swDN3 remain open. 

[0038] As shown in Fig. 7, both the up pulse switches swUPl , swUP2, and swUP3 and the 
down pulse switches swDNl , swDN2, and swDN3 are shown open since neither the up 
signal UP nor the down signal DN are received by the charge pump circuit 34. 
Therefore, no current is able to flow from the charge pump circuit 34 to the loop filter 
36 in order to charge or discharge the capacitor C/10. 

[0039] 

Please refer to Fig. 8. Fig. 8 is a circuit diagram of the present invention charge 
pump circuit 34 and loop filter 36 In the charging mode. In Fig. 8, the charge pump 
circuit 34 receives a pulse of the up signal UP from the phase detector 1 2. Therefore, 
the up pulse switches swUPl , swUP2, and swUP3 are closed and the down pulse 
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switches swDNI , swDN2, and swDN3 are open. 

[0040] Dotted lines are shown illustrating paths of three currents. Currents from the first 
and second input current sources 40 and 42 combine at node Nl and the sum of the 
currents 91/ 1 0 and 1/10 forms a current with a magnitude of I. The current I then 
flows through the output node VCONA to the intermediate node VCON. From the 
intermediate node VCON, a current with a magnitude of 91/10 flows through node N3 
and is received by the first output current source 44. Finally, the remaining current 
has a magnitude of 1/10. This current flows from the intermediate node VCON 
through the capacitor C/1 0 for charging the capacitor C/1 0. Kirchhoff s Current Law 
(KCL) can be used to analyze all of the currents entering and leaving the intermediate 
node VCON. The only current entering node VCON is I. The currents leaving node 
VCON are 91/10 + 1/10, adding up to a total of 1. Thus, KCL verifies the current 
quantities flowing Into and out of the intermediate node VCON. 

[0041] Please refer to Fig. 9. Fig. 9 is a circuit diagram of the present invention charge 

pump circuit 34 and loop filter 36 in the discharging mode. In Fig. 9, the charge pump 
circuit 34 receives a pulse of the down signal DN from the phase detector 12. 
Therefore, the down pulse switches swDNl, swDN2, and swDN3 are closed and the up 
pulse switches swUPl , swUP2, and swUP3 are open. 

^ [0042] Dotted lines are shown illustrating paths of three currents. Current 91/1 0 from the 
first input current source 40 flows from node Nl to the intermediate node VCON. 
From the intermediate node VCON, a current with a magnitude of 1 flows through 
node N3 and is received by the first and second output current sources 44 and 46. 
Finally, the remaining current has a magnitude of 1/1 0. This current flows from the 
capacitor C/10 to the Intermediate node for discharging the capacitor C/10. 
Kirchhoff s Current Law (KCL) can again be used to analyze all of the currents entering 
and leaving the intermediate node VCON. The only current leaving node VCON Is I. 
The currents entering node VCON are 91/10 + 1/10, adding up to a total of I. Thus, 
KCL verifies the current quantities flowing into and out of the Intermediate node 
VCON. 

[0043] Please recall that the voltage V ^ of the output node VCONA is outputted to 

VCONA 

the VCO 1 8 for controlling operation of the VCO 1 8. That means the present Invention 
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charge pump circuit 34 and loop filter 36 should be designed such that V has 

VCONA 

the same behavior in the present invention as with the prior art. Referring back to 

Eqn.3, it is seen that V^^^^^,^ depends on the sum of IRand V. , Please refer to 

VCONA VCON 

Fig. 5 and Fig. 8. In each figure, the current flowing through the resistor R has a 

magnitude of 1. Therefore the quantity IR is the same for the prior art and the present 

invention. In order to see that the voltage V is the same in the present invention 

VCON 

and the prior art, it is helpful to look at the relationship between /and Cin Eqn.l and 

Eqn.2. Since / is directly proportional to C, the values of /and Ccan each be divided 

by any constant Xr, and Eqn.2 will still hold true. Thus, in Fig. 8, the capacitor C/10 has 

a magnitude which is one-tenth that of the capacitor C shown in Fig. 5. Likewise, the 

current 1/10 flowing through the capacitor C/10 has a magnitude which is one-tenth 

that of the current I flowing through the capacitor C in Fig. 5. Upon re-examining 

Eqn.l , it can be concluded that since the relative sizes of /and Cis exactly equal 

between the present invention and the prior art, the change in voltage during the 

charging process must be the same. Therefore, the behavior of V is the same in 

VCON 

the prior art and the present invention during the charging process, which means the 

behavior of V ^ is the same as well. 

VCONA 

[0044] The above explanation of the behavior of V y^Q^j^ being equal for the prior art 

and the present invention is also true for the discharging processes shown in Fig. 6 

and Fig. 9. Only the direction of the currents flowing through C/1 0 and R changes, and 

the behavior of voltage V will remain the same in both the prior art and the 

VCONA 

present invention. 

[0045] The present invention allows the smaller capacitor C/10 to be used, with one- 
tenth the size of capacitor C, and still maintains identical behavior of the output 
voltage V ^^^^j^ that is fed into the VCO 1 8. Of course, please remember that the 
factor one-tenth is used as an example only for easier description. In the charge 
pump circuit 34 of the present invention, the up pulse switches swUPl, swUP2, and 
swUP3 and the down pulse switches swDNl , swDN2, and swDN3 may be formed using 
transistors such as MOS transistors or by any other circuitry that acts as a switch. 


[0046] 


Compared to the prior art charge pump circuit 14, the charge pump circuit 34 of 
the present invention uses two input current sources 40 and 42 that input different 
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magnitudes of current, two output current sources 44 and 46 that output different 
magnitudes of current, and several up pulse switches swUPl, swUP2, and swUP3 and 
down pulse switches swDNl , swDN2, and swDN3. By using the switches to control the 
current flow to and from the current sources, the charge pump circuit 34 ensures that 
the amount of current that flows through the capacitor C/1 0 Is only a fraction of the 
current that flows through the resistor R. This property of the charge pump circuit 34 
allows the capacitor C/10 of the loop filter 36 to be a fraction of the size of the 
capacitor C in the prior art loop filter 1 6. When forming the present invention charge 
pump circuit 34 and loop filter 36 on an integrated circuit, the capacitor C/ 1 0 will 
take up considerably less area on the IC than was the case with the prior art. Thus, the 
present invention will make it easier to design and build smaller ICs that incorporate a 
PLL. 

[0047] Those skilled in the art will readily observe that numerous modifications and 

alterations of the device may be made while retaining the teachings of the invention. 
Accordingly, the above disclosure should be construed as limited only by the metes 
and bounds of the appended claims. 
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